[1] The frequency and magnitude of hypoxic areas in coastal waterbodies are increasing across the globe, partially in response to the increase in nitrogen delivery from the landscape (Diaz, 2001; Rabalais et al., 2002) . Although studies of annual total nitrogen and nitrate yields have greatly improved understanding of the contaminant sources that contribute to riverine nitrogen loads (Alexander et al., 2000; Caraco and Cole, 1999) , the emphasis of these studies on annual timescales and selected nitrogen forms is not sufficient to understand the factors that control the cycling, transport, and fate of reactive nitrogen. Here we use data from 850 river stations to calculate long-term mean-annual and interannual loads of organic, ammonia, and nitrate-nitrite nitrogen suitable for spatial analysis. We find that organic nitrogen is the dominant nitrogen pool within rivers across most of the United States and is significant even in basins with high anthropogenic sources of nitrogen. Downstream organic nitrogen patterns illustrate that organic nitrogen is an abundant fraction of the nitrogen loads in all regions. Although the longitudinal patterns are not consistent across regions, these patterns are suggestive of cycling between ON and NO 3 À on seasonal timescales influenced by land use, stream morphology, and riparian connectivity with active floodplains. Future regional studies need to incorporate multinitrogen species at intraannual timescales, as well as stream characteristics beyond channel depth, to elucidate the roles of nitrogen sources and in-stream transformations on the fate and reactivity of riverine nitrogen transported to coastal seas.
Introduction
[2] Over the last century anthropogenic activities have more than doubled reactive nitrogen inputs in the environment, primarily through increased fertilizer application and the combustion of fossil fuels [Galloway et al., 2004; Vitousek et al., 1997] . A large portion of this nitrogen pool is returned to the atmosphere through denitrification on the landscape; however, nitrate (NO 3 À ) is relatively mobile, and a considerable fraction is transported to the freshwater environment. For example, mean nitrogen concentrations in the Mississippi River basin doubled in the last 100 years, primarily owing to increases in NO 3 À (NO 3 À represented less than 55% of the annual riverine load in 1973 to over 75% in 1999) [Goolsby and Battaglin, 2001] . The higher nitrogen loads within the Mississippi are caused not only by the doubling of nitrogen inputs, but also anthropogenic changes to the landscape (e.g., tile-drained agricultural fields; levees along main-stem rivers; increased surface runoff into lotic systems within suburban and urban areas), which alter delivery from the land to the stream network [Turner and Rabalais, 2003] . Elevated nitrogen loads lead to areas of hypoxia in coastal waters across the globe, including large areas in the Gulf of Mexico, the Chesapeake Bay, and the Black Sea [Diaz, 2001; Hagy et al., 2004; Rabalais et al., 2002] . The other reactive forms of nitrogen found in rivers include ammonia (NH 4 + ) and organic nitrogen (ON), which are also biologically reactive. Therefore it is the total nitrogen flux that needs to be considered when addressing coastal eutrophication [Howarth et al., 1996 .
[3] The major nitrogen species within the stream network (ON, NH 4 + , NO 3 À ) are not transported conservatively downstream, but rather they undergo transformations between inorganic and organic forms as part of biological synthesis and growth (e.g., nitrogen is a required component of both proteins and nucleic acids) or microbial mediated redox transformations resulting in energy release. Nitrogen is primarily delivered to streams through both overland flow during storm events, shallow groundwater flow paths, and point-sources (e.g., WWTP's). The inorganic N delivered to streams will largely be dissolved, where as a portion of the organic N delivered to the stream will be in particulate form (e.g., organic soil, particulate organic matter). The organic carbon molecules containing nitrogen are available for heterotrophic processes (mineralization), releasing energy and producing NH 4 + . In turn, NH 4 + is transformed by an energy yielding reaction in the presence of O 2 to produce NO 3 À (nitrification). Both of the dominant inorganic forms of nitrogen (NH 4 + and NO 3 À ) can be cycled back into organic forms through assimilation and subsequently stored for variable periods of time before N is rereleased via decomposition and mineralization. Direct nitrogen fixation of N 2 gas into the biotic pool is also possible via nitrogen-fixing organisms (e.g., cyanobacteria) in some streams [Grimm and Petrone, 1997] . One of the most important transformations in high-nitrogen systems is the energy yielding transformation of NO 3 À to NO 2 À (which is usually an intermediate species low in concentration) and then to nitrogen gas (denitrification). Denitrification occurs in stream subenvironments (such as the stream bed) where O 2 is low or absent. Of all the transformations of nitrogen in aquatic systems, denitrification is the only one that results in large amounts of N removal from the aquatic environment. However, because of the close coupling of various nitrogen and carbon reactions in streams, the rate of denitrification in streams is influenced by transport and transformation rates of all of the dominant species of nitrogen in stream environments.
[4] In this study, we examined seasonal and annual nitrogen loads across the conterminous United States in 850 rivers, ranging from less than 1 m 3 s À1 to over 18,000 m 3 s À1 annual mean discharge (Q m ). Nitrogen load estimates for organic nitrogen, NH 4 + , and NO x were all made in a systematic fashion employing long-term nutrient and discharge data sets, resulting in mean annual load estimates appropriate for spatial analysis. The estimated mean annual nitrogen loads for total organic nitrogen, NH 4 + , and NO x reveal spatial, temporal, and longitudinal patterns across the United States. These patterns are responsible for altering nitrogen availability and reactivity to downstream ecosystems, including estuaries and coastal ecosystems. In the last decade, nitrogen budget approaches and regional-scale nitrogen models (e.g., SPARROW) identified large nitrogen fluxes from the landscape and high in-stream removal rates as a function of stream size [Alexander et al., 2000; Boyer et al., 2002; Seitzinger et al., 2002a] . These studies identified the need to examine N export on interannual timescales and to explore the interactions between the dominant nitrogen species. Other studies have examined nitrogen export from impacted (northeastern U.S.) and nonimpacted regions in North and South America, highlighting the export of organic nitrogen from these regions [Lewis, 2002; Lewis et al., 1999; Pellerin et al., 2004] . These studies have all drawn attention to the increase in N-export to coastal waterbodies, spurring numerous detailed investigations of denitrification within smaller first-through third-order streams [Bohlke et al., 2004; Mulholland et al., 2004] . Most detailed studies have examined denitrification during baseflow conditions, with little emphasis on high-flow conditions. Also, the primary focus has usually been on the fate of NO 3 À , not on transformations involving the other dominant form of nitrogen in lotic systems-organic nitrogen [Goodale et al., 2000; Perakis and Hedin, 2002] .
Methods
[5] Nitrogen concentrations (1975 -2004) and discharge records (1970 -2004) were acquired for 1300 USGS streamgaging stations (http://waterdata.usgs.gov/nwis) across the United States (Figure 1 ). The watershed areas for the stations in this study ranged from less than 5 km 2 to 2.9 Â 10 6 km 2 (mean annual discharge ranged from less than 1 to 1.9 Â 10 4 m 3 s
À1
). For each record, trend-adjusted annual and quarterly (A = annual; 1 = Jan. -Mar.; 2 = Apr.-June; 3 = July -Sept.; 4 = Oct.-Dec.) nitrogen load and discharge estimates were calculated using an automated estimation routine (FLUXMASTER [Schwarz et al., 2006] ) for the period October 1978 through September 2004. The load model on which load estimates are based relates the logarithm of nutrient concentration to the logarithm of daily streamflow, and includes sine and cosine functions of time to account for seasonal patterns. Loads for unfiltered ammonia (NH 4 + ), unfiltered ammonia + organic nitrogen (NH 4 + + TON), and filtered nitrate + nitrite (NO x ) were calculated independently using the water-quality data for each station, and TON was then calculated by difference. A subset of 854 stations was then selected from the entire set that included only stations with (1) estimates of all three loads, and (2) standard deviation divided by the annual load estimate equaling less then 1. The resulting average annual and seasonal loads, discharge, concentrations, and fractions of the dominant nitrogen species were then examined spatially across the United States using the load estimates from the remaining 854 stations that met the above criteria.
[6] A regression analysis was performed to examine nitrogen yields in 131 of 854 watersheds that ranged between 1,000 and 14,000 km 2 ( Table 1 ). The watersheds were dispersed across the country, and the explanatory variables included in each of the initial models were specific runoff (mm yr À1 ), mean soil organic carbon (Mg C ha À1 ), total nitrogen fertilizer and atmospheric deposition (kg N km À2 yr
), and mean weighted riparian land use in woody wetland vegetation. Watershed attributes were calculated using watershed boundaries from the U.S.G.S. enhanced river reach network (RF1) [Nolan et al., 2002] . This digital stream network was initially derived from the E.P.A. at a scale of 1:250,000. The enhanced version, which includes a fully connected stream network with mean velocity and Figure 1 . USGS load stations distributed across the United States, depicted with a color coding representing fraction TON for each station calculated for long-term mean annual total organic nitrogen loads. discharge for each reach and watershed boundaries derived from a 1-km DEM, is used for spatial analysis and waterquality modeling (e.g., SPARROW [Smith et al., 1997] ). Although a new digital network at the scale of 1: 100,000 is now available (National Hydrography Dataset, http:// nhd.usgs. gov/), the RF1 is appropriate for watershed delineation. For each model, all variables were logtransformed and a stepwise log-linear regression was performed (equation (1)).
Only variables with a p 0.05 were kept in the final regression equation. Specific runoff (mm yr À1 ), estimated as the mean annual discharge at the outlet divided by watershed area, is representative of the average amount of water delivered to the stream channels throughout the entire watershed. Soil organic carbon was included because areas with high soil organic carbon will also have higher organic nitrogen contents, which may be a source of nitrogen from the landscape through soil erosion/porewater flushing. Terrestrial nitrogen sources (kg km À2 yr
) included within the model were nitrogen fertilizer application rates and atmospheric deposition. Finally, the riverine wetland percentage was included because watersheds with higher percentage of riverine wetlands in their riparian area will have higher floodplain-river connectivity, and these areas can act as a source and a sink for nitrogen.
[7] A second regression model was developed to describe spatial variations in ON and to identify key explanatory factors within each region. The annual fractions of organic nitrogen at each stream-gaging stations calculated from the water quality and stream discharge observations were mapped to illustrate the regional groupings (Figure 1 ), and then stations were grouped by ecoregion level III [Omernik, 1987] . Ecoregions with !9 water quality stations with a mean-annual load estimate were included in a regression analysis in which ON fraction is expressed as a function of various climate and other watershed properties, including average climatic conditions, soil properties, land use, and nitrogen input data (for full list and source information, see auxiliary Table S1 1 ). A stepwise regression approach was then performed to identify parameters that explain the spatial patterns of ON fraction across ecoregions, and only variables with p 0.1 were included in the final model. The resulting regression model was then applied across the conterminous U.S. using a grid cell size of 10,000 km 2 . The significant explanatory variables in the regression include transmissivity, population density, nitrogen inputs, mean annual precipitation, and woody wetlands land use (Table 2) . A subgrouping of four regional data sets (Northeast, Southeast, Midwest, Intermountain West) was analyzed (excluding stations in high population densities, Pop > 1000 people mi À2 ) to examine differences between systems that are organic rich/organic poor. The corn-belt sites were also further limited to include only sites with high N inputs (N fertilizer > 5000 kg km À2 yr
). Each region was grouped into four stream classes based on mean annual discharge (1 = 0.28 < Q < 2.8; 2 = 2.8 < Q < 14; 3 = 14 < Q < 57; 4 = 57 < Q < 250 m 3 s
). The median depth was calculated for all RF1 streams within each region using the relationship derived by Alexander et al. , where D is depth (m) and Q is streamflow discharge (m 3 s À1 )). Stream width was then estimated using Q mean and V mean from the RF1 stream network and the estimated depth [Nolan et al., 2002] .
Results and Discussion
[8] Our data illustrate the varying percentages of NO x and TON in riverine nitrogen loads in the major U.S. river basins. Results from 29 large rivers within the United States highlight the large range in long-term annual total nitrogen yields: from less than 30 kg km À2 yr À1 at the station on the Colorado River at Lee's Ferry to over 2200 kg km À2 yr À1 at stations within the Iowa River basin (Table 3 ). The yield estimates from all 854 stations were derived from the available long-term discharge and water quality records at each site using the FLUXMASTER routine, which provides unbiased detrended results and an associated standard error for each station. This systematic approach to estimating loads is more appropriate for spatial analysis than using shorter-term records or water quality observations from multiple sources that result in unknown errors between stations that are not attributable to any effect other than sampling/calculation errors. Note that the predicted long- Nitrogen fertilizer application was estimated from county sales in 1992, and nitrogen deposition was estimated from total average deposition between 1994 and 2003 from the National Atmospheric Deposition Network (NADP 2006) . d Soil organic carbon was estimated from the VEMAP data set [Kittel et al., 2004] .
e Riverine wetlands within each watershed was estimated for the RF1 stream network by applying the values of woody wetland distribution within 1 km buffer of the RF1 stream network [Nolan et al., 2002] .
f With p-values greater than 0.1.
term mean yields are for the period of observations, 1970 -2004 . Future uses of these estimates need to consider the relevant period over which these estimates were derived.
[9] The variability in total nitrogen yields observed across all river basins is correlated to differences in the NO x yields (TN versus NO x yields, R 2 = 0.89), primarily due to anthropogenic inputs of N (e.g., agricultural fertilizer applications) [Caraco and Cole, 1999] . NH 4 + yields were generally less than 5% of the total nitrogen yield, but organic nitrogen ranged from less than 20% to over 80% of the total annual nitrogen yield (TON yields ranged from less than 15 to over 400 kg km À2 yr
À1
) in these larger river basins. The organic nitrogen pool is composed of a heterogeneous mixture of organic nitrogen compounds, and warrants further investigation given its importance in nitrogen and carbon cycling in riverine systems.
[10] The regression analysis exploring nitrogen yields across the landscape illustrates the importance of water and sources on the material fluxes through riverine networks. For each of the three dominant nitrogen components (TON, NO x and NH 4 + ), mean annual runoff had positive parameter values, which is consistent with runoff as a driver to transport and deliver nutrients to the stream channel. Fertilizer application and atmospheric deposition also had positive parameter values, consistent with the concept that areas with high terrestrial nitrogen loading result in higher nitrogen export from the watershed. Soil organic carbon was also significant for all N yields. Regions that are rich in soil organic carbon will also have high soil organic nitrogen, which depending on the environmental conditions may favor microbial mineralization and subsequent nitrification. The resulting nitrogen in the porewater may then be a source of nutrient delivery to the channels through erosion and flushing of shallow soils during storm events and/or snow melt. Lastly, percentages of riverine wetlands within the riparian zones of the watershed's stream network were significant for NH 4 + and NO x yields. Riparian areas high in woody wetlands suggest greater connectivity with the floodplain and river, and these areas have high biogeochemical transformation rates, including mineralization, nitrification and denitrification. While the percentage of riverine wetlands was not significant for TON in this analysis, the negative parameter values for NH 4 + and NO x suggest that watersheds with higher flood frequencies result in higher NH 4 + and NO x retention. Future spatially based coupled Nmodels through the stream network need to be developed to capture the interchange between the dominant species through the river network, including areas of higher hydrologic retention (e.g., riverine wetlands).
[11] Spatially across the conterminous United States, organic nitrogen is the dominant nitrogen fraction within riverine nitrogen loads (Figure 2 ). Regional nitrogen patterns from 850 USGS stream-gaging stations highlight the spatial variability in the TON fraction within riverine loads, which is a function of nitrogen sources, physical delivery (e.g., hydrologic processes), and in-stream biogeochemical processes. The simple statistical model developed to examine annual TON fractions across the conterminous United States resulted in four major predictive variables: population density, nitrogen fertilizer application and deposition, mean annual precipitation, and woody wetlands (a land-use variable indicative of active floodplain areas) ( Table 2 and Figure 2 ). In areas with higher population density, fertilizer application and nitrogen deposition (Northeast and Midwest regions), TON comprised a low percentage of the total riverine nitrogen. The floodplain metric appears to be the variable that helps relate speciation to a combination of factors, including high natural organic nitrogen sources from the uplands, low organic matter sorption rates, and high rates of biogeochemical processes in overbank floodwaters that have a greater contact area with sediment surfaces in the southeast United States. West of the Mississippi River, organic nitrogen is the dominant fraction because anthropogenic inorganic nitrogen sources are minimal. These patterns illustrate the importance of organic nitrogen within a large portion of the conterminous United States, and point out the need to examine the fate and transport of riverine organic nitrogen. A few studies have shown that the bioavailability of organic nitrogen (utilization via uptake and mineralization) can range from less than 10% in forested catchments to over 80% in urban stormwater [Kaushal and Lewis, 2005; Seitzinger et al., 2002b; Stepanauskas et al., 2000 Stepanauskas et al., , 1999 Wiegner and Seitzinger, 2004] , demonstrating the importance of organic nitrogen in riverine ecosystems. These patterns illustrate the importance of organic nitrogen within a large portion of the conterminous United States, and point out the need to examine the fate and transport of riverine organic nitrogen at a national scale.
[12] Regional differences in ON concentrations in the nation's rivers are controlled by a combination of factors including: (1) lateral inputs with spatially varying loads into the stream network, (2) in-stream production, and (3) instream removal. Rates of in-stream production and respiration vary over the year as nitrogen sources, incoming solar radiation, and temperature fluctuate. Temporal variations in ON and NO 3 À within the river network appear to vary accordingly, showing that ON is highest during the summer months (July -September and NO 3 À lowest during the same period (Figure 3 ). This is illustrated in both the Intermountain West and the Midwest, where NO 3 À and TON have an inverse seasonal pattern. The summer period has the lowest streamflow (auxiliary Table S1 ), and in general has the highest primary productivity (from epiphytes, phytoplankton, and macrophytes). Exceptions occur within small, forested headwater streams [Mulholland, 2004] , where primary NO 3 À uptake is highest during the spring before leaf out. We hypothesize that the general patterns of ON and NO 3 À in summer are controlled by low streamflow and reduced velocity, which results in greater solute contact with streambeds and higher mineralization, as well as high nitrate uptake by the biota within the stream sediments during the summer (which results in net organic nitrogen production). This freshly produced organic matter may in turn be used to drive respiration, including denitrification, when organic carbon is limiting. Furthermore, higher water temperatures within the summer period are expected to also increase denitrification, contributing to the observed patterns [Holmes et al., 1996] . Although the total nitrogen loads are lowest during the summer, nitrogen speciation and (right) nitrate long-term median concentrations grouped by stream class (stream class 1 = 10 < Q < 100; 2 = 100 < Q < 500; 3 = 500 < Q < 2000; 4 = 2000 < Q < 8000) throughout the year (January -March, light blue circle; April -June, medium blue circle; July -September, dark blue circle; October -December, open circle). The long-term mean N-yield is also indicated in brackets. reactivity is still important for water-quality concerns (e.g., eutrophication) through the river network.
[13] Organic nitrogen concentrations remain elevated during high-flow periods (rainfall/snowmelt) within the Intermountain West (IMW), Midwest (MW), and Northeast (NE) regions (Figure 3 highlights the IMW and MW regions, although the NE region has a similar pattern). These observations are consistent with detailed observations in streams dominated by snowmelt, where dissolved organic nitrogen increases in concentration during the snowmelt period [Coats and Goldman, 2001; Kaushal and Lewis, 2003] . The rise in DON during snowmelt is hypothesized to be the result of heterotrophic processing under the snowpack during the winter, and the subsequent flushing during snowmelt of a bioavailable organic nitrogen compartment under the snowpack and another compartment of less labile and more humic-like organic nitrogen from shallow flow paths [Kaushal and Lewis, 2003] . Although the humic-like organic nitrogen is less labile, downstream transport and exposure to sunlight will alter the bioavailability of this pool of organic nitrogen through in-stream processing and photochemical oxidation, resulting in organic matter that is available to drive in-stream respiration and potentially result in O 2 depletion.
[14] Downstream longitudinal patterns of organic nitrogen highlight the abundance of this nitrogen pool from headwater streams to larger rivers across all four regions. Although shifts in the abundance of organic nitrogen vary across regions through the stream network, its presence throughout the stream network suggests that this ubiquitous pool of nitrogen may be an important component of ecosystem functioning and trophic dynamics. Although the most labile pool of organic nitrogen may be consumed quickly within smaller headwater streams [Brookshire et al., 2005] , organic matter photolysis throughout the stream network will continually produce smaller, labile organic nitrogen compounds, providing both a nitrogen and carbon source for the bottom of the aquatic food chain. Furthermore, the abundance of organic nitrogen in larger rivers across all regions that discharge into N-limited estuaries/ waterbodies further underscores the need to consider organic nitrogen fate and transport. This is highlighted by the percentage of TON in the total nitrogen loads in Southeastern rivers in close proximity to coastal waters, where the % TON in total nitrogen load is over 80% (Table 4) .
[15] Although temporal patterns of N are relatively consistent across the four regions, downstream longitudinal patterns through the stream network are variable (Figure 4) . However, controlling factors behind the ON patterns can be put forward and discussed to stimulate research directions. Firstly, the stream channels within the IMW region appear to be significantly different in channel morphology in comparison to the other 3 regions, as measured by the width to depth ratio (W:D) for each stream class. In the IMW, for any given stream class (categorized by discharge as in Figure 2 ), the W:D ratios are higher than in the Southeast (SE), MW, and NE regions suggesting that the channels in the IMW are on average wider and/or more shallow. Solutes transported within the IMW streams therefore will have the potential for mineralization due to higher rates of contact with the stream bottom. The sharp decline in ON from the 1st to the 2nd stream class in the IMW region is consistent with the higher W:D ratios in the IMW, resulting in greater solute contact and residence time in areas of the stream with high microbial processing rates (e.g., benthic zone, hyporheic zone). Further downstream, ON concentrations do no show any appreciable change suggesting that ON removal and production rates are in balance with each other although the composition of the ON pool may be changing. Although it appears that a large portion of the delivered terrestrial organic nitrogen from soil flushing is rapidly consumed within smaller channels, the fate of the remaining terrestrial organic nitrogen within the river network is still largely unknown.
[16] Secondly, the contrast between longitudinal patterns in the MW and NE regions is consistent with one of the River Continuum Concept (RCC) [Vannote et al., 1980] tenants, the importance of shading on the balance between in-stream production and respiration. In the RCC, it is theorized that predictable patterns of net ecosystem metabolism and primary production exist from headwater streams to larger rivers, where the switch between a net heterotrophic stream to an autotrophic stream is largely controlled by the amount of incoming solar radiation to the channel and the water clarity. Subsequent studies have shown the importance of both light and inorganic nitrogen availability on primary production [Mosisch et al., 2001] . Changes in primary production (PP) and respiration (R) will alter nitrogen concentrations; a P/R < 1 will decrease organic Figure 4 . Long-term median annual organic nitrogen concentration for each of the four highlighted regions plotted against the width to depth ratio for the four stream classes.
nitrogen, in contrast to a P/R > 1, which will increase organic nitrogen. In the MW region, which has the highest ON concentrations, the riparian zones are often devoid of larger trees and hydrologic processes are highly altered (e.g., tile drainage) resulting in high inorganic nitrogen loading to streams. Although the NE region also has elevated inorganic nitrogen levels, the riparian zone is generally less altered and contains more trees that provide shading to the water column. We are therefore suggesting that one of the factors contributing to the significant difference in ON patterns is the influence of light on primary productivity, as evidenced by streams in the MW that are not limited by light, which results in high primary productivity. This pattern is consistent with the RCC and the importance of shading on in-stream processes, whether the shading (or lack of) is natural or anthropogenic. However, another important remaining uncertainty is the contribution of ON from the landscape to the stream network, which in addition to any in-stream processes will alter downstream patterns.
[17] Lastly, the SE longitudinal pattern in ON in the SE region suggests the importance of riparian wetlands on downstream nitrogen speciation. The increase in ON within the 3rd stream class (which has an ON > 0.5 mg N L À1 ) in the SE region is seen in the annual patterns (Figure 4 ). These riparian wetlands are seasonally inundated and connected with the main stem river, and in turn may be a local source of organic nitrogen but a sink for inorganic nitrogen. The spatial regression model (Figure 2 ) and the models for NH 4 + and NO x yields also suggest the importance of riparian wetlands on nitrogen speciation and transformation. These results are also consistent with the examination of organic nitrogen in the NE region, where the percentage of wetlands was a significant predictor of organic nitrogen concentrations [Pellerin et al., 2004] . These findings point out the need for incorporating and understanding riparian connections within river networks, especially within areas of high connectivity between a river and a floodplain.
Conclusion
[18] In conclusion, our results illustrate the importance of considering the annual and seasonal delivery of inorganic and organic N to downstream waterbodies. Seasonal and longitudinal patterns suggest the importance of in-stream processes, and regional patterns draw attention to the importance of organic nitrogen in N-enriched areas and in the Southeast region. A greater emphasis should be placed on the consideration of organic nitrogen, the role of the various types of nitrogen sources delivered to the stream network, and the in-stream biogeochemical processes that alter the distribution between TON, NH 4 + , and NO x . Storage of N due to spiraling between ON and inorganic nitrogen also has implications for basin-scale nitrogen budgets. The contribution of ON from the landscape versus in-stream generation through river systems remains a large uncertainty. Further exploration is necessary to elucidate and quantify the driving factors altering nitrogen speciation through the stream network, which in turn is critical to understanding the effects of nitrogen loading to downstream ecosystems.
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